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Abstract—Reconfigurable intelligent surface (RIS) is consid-
ered to be an energy-efficient approach to reshape the wire-
less environment for improved throughput. Its passive feature
greatly reduces the energy consumption, which makes RIS a
promising technique for enabling the future smart city. Existing
beamforming designs for RIS mainly focus on optimizing the
spectral efficiency for single carrier systems. To avoid the com-
plicated bit allocation on different spatial domain subchannels
in MIMO systems, in this paper, we propose a geometric mean
decomposition-based beamforming for RIS-assisted millimeter
wave (mmWave) hybrid MIMO systems so that multiple parallel
data streams in the spatial domain can be considered to have the
same channel gain. Moreover, by exploiting the common angular-
domain sparsity of mmWave massive MIMO channels over
different subcarriers, a simultaneous orthogonal match pursuit
algorithm is utilized to obtain the optimal multiple beams from an
oversampling 2D-DFT codebook. Besides, by only leveraging the
angle of arrival and angle of departure associated with the line
of sight (LoS) channels, we further design the phase shifters for
RIS by maximizing the array gain for LoS channel. Simulation
results show that the proposed scheme can achieve better BER
performance than conventional approaches. Our work is an initial
attempt to discuss the broadband hybrid beamforming for RIS-
assisted mmWave hybrid MIMO systems.
Index Terms—Reconfigurable intelligent surface (RIS), ge-
ometric mean decomposition, simultaneous orthogonal match
pursuit, hybrid beamforming, mmWave, massive MIMO.
I. INTRODUCTION
Reconfigurable intelligent surface (RIS) has appeared to be
an effective technology to improve the capacity and chan-
nel condition in the future wireless communications [1]. Its
passive and low-cost characteristics make it be employed
in a wide plethora of applications including millimeter-wave
(mmWave) cellular networks [2], Internet of Things [3], even
green mobile edge computing [4]. RIS is composed of a
large number of passive reflecting units, and by changing the
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reflection phase and amplitude of incident signals, these units
can improve the transmission performance of wireless system
in an intelligent approach.
Existing beamforming designs for RIS aim at designing the
reflecting matrix at the RIS or jointly designing the active and
passive beamformers at the base station (BS) and RIS [5]–
[9]. Most of these beamforming problems are formulated as
optimization problems, where a specific target, such as spectral
efficiency (SE) [5], [7], power consumption [6], or receiver
signal-to-noise-ratio (SNR) [8], [9] is considered to optimize.
Therefore, convex optimization or some iterative algorithms
for non-convex targets can be used. However, most works
are designed under a narrowband channel with fully-digital
structure multiple input multiple output (MIMO), where the
hardware cost is prohibitively high [10], while a wideband
channel is seldom discussed. For wideband channels, an
orthogonal frequency division multiplexing (OFDM) based
channel estimation and passive beamforming scheme has been
designed in [11], where the semidefinite relaxation (SDR) is
used to optimize the upper bound of achievable rate. Neverthe-
less, the beamformer at the BS has not been considered in this
occasion. To the best of our knowledge, these aforementioned
beamforming for RIS scenarios are considered in the low-
frequency bands, and the mmWave MIMO with hybrid analog-
digital structure [12] has not been considered.
In mmWave MIMO beamforming1 without RIS, the main
target is to eliminate the interference among data streams
or users for improved throughput. Hybrid beamforming on
narrowband channel has been well investigated in [13]–[16]. In
[14], an orthogonal match pursuit (OMP) algorithm based hy-
brid beamforming is applied to achieve the performance close
to the optimal full-digital beamforming. In [15], a codebook
based beamspace singular value decomposition (SVD) and hy-
brid beamforming are proposed to avoid the prohibitive matrix
inversion computation. Different from [14] and [15], [13] and
[16] aim to optimize the bit error rate (BER) performance,
where a geometric mean decomposition (GMD)-based base-
band beamforming and codebook-based analog beamforming
is respectively adopted. In view of the frequency-selective-
1For convenience, in this paper, we use “beamforming” to unify the design
of the beamformer at the transmitter and combiner at the receiver. Further-
more, in order to distinguish baseband and RF parts, we use “baseband/digital
beamformer/combiner” and “RF/analog beamformer/combiner” respectively
in hybrid MIMO architectures. Also see the description of transmission model
in Section II.
2fading channels in practice, OFDM is used to combat the
multipath effect in the wideband systems. The authors in
[20] prove that semi-unitary frequency flat beamforming and
combining are sufficient to achieve maximum SE when there
are not too much scatterers in the frequency-selective channel.
[21] proposes a limited feedback for channel state informa-
tion (CSI) and presents a hybrid analog-digital beamforming
codebook design for wideband case. Some other solutions
to further reduce the cost of hardware or feedback, such as
dynamic partially-connected structure or low-resolution hybrid
beamforming have also been considered in [19], [22], [23].
Now with the emergence of RIS, beamforming becomes
more flexible and controllable. This gives us the inspiration to
combine the typical hybrid beamforming with the passive RIS
beamforming together. In this situation, both the advantage
of large bandwidth in mmWave and the blockage effect
improvement benefited from RIS can be utilized, which can
lead to a significant improvement in throughput and coverage.
Since the relative position between the BS and RIS has
been determined physically, the channel condition between
them remains almost unchanged during the communication.
Therefore, the main uncertainty results from the links between
the RIS and user equipments (UEs). However, RIS is usually
assumed to be a large-scale array, which makes the pilot
overhead in channel estimation extremely high. Due to the
high hardware cost and pilot overhead in channel estimation
[24]–[26], a reflecting matrix design without perfect CSI or
with partial channel information needs to be designed. Besides,
most prior works about passive beamforming consider a fully-
digital MIMO structure at the BS, and the UE is assumed to
be equipped with a single antenna. Combined with the well-
studied hybrid beamforming for conventional MIMO system
without RIS, a more generalized scenario is necessary to be
discussed.
In this paper, a hybrid MIMO-OFDM system working at
mmWave frequency with RIS is considered. The RIS reflecting
coefficient matrix and hybrid beamformer/combiner at both the
BS and UE are separately designed. To the best of our knowl-
edge, this is the first paper to investigate the beamforming
for RIS-assisted hybrid MIMO systems. To be more specific,
for the design of digital baseband beamformer/combiner, we
consider a GMD approach, which has been proved to be an
effective way to avoid the complicated bit/power allocation
and can achieve a better BER performance than SVD [13].
For the analog part, we adopt a simultaneous orthogonal match
pursuit (SOMP) algorithm [18], which is an extension of the
classical OMP algorithm [14], to choose multiple optimal
beams from a pre-defined codebook. Note that since both
the BS and UE adopt the uniform planar array (UPA) in this
work, we adopt an oversampling 2D-discrete Fourier transform
(DFT) codebook, which can effectively avoid the impractical
priori information of all the steering vectors of the MIMO
channels required by conventional compressive sensing (CS)-
based hybrid beamforming designs [13], [14]. In addition,
the angle parameters of non-line-of-sight (NLoS) paths are
difficult to acquire in practice. To reduce the computational
complexity of RIS reflection matrix, we will only leverage
the angle of arrival (AoA) of the line-of-sight (LoS) BS-
RIS channel and the and the angle of departure (AoD) of
the LoS RIS-UE channel to design the reflecting matrix.
Simulation results show that the proposed scheme can achieve
a satisfactory performance in the wideband RIS scenarios,
which makes it possible for RIS to be widely used in the
future smart mobile communications.
The rest of this paper is organized as follows. The system
model is briefly introduced in Section II. Section III presents
the hybrid beamforming scheme at BS/UE and passive beam-
forming design at RIS. Section IV evaluates the performance
of proposed scheme through simulations and comparison.
Finally, we conclude this paper in Section V.
Notations: Lower-case and upper-case boldface letters de-
note vectors and matrices, respectively; (·)T , (·)∗, (·)†, and
(·)H denote the transpose, conjugate, pseudo-inverse, and
conjugate transpose of a matrix, respectively; (·)(i) and (·)i,j
represent the i-th column and i-th row and j-th column
element of a matrix, respectively; IN represents the N×N
identity matrix; ‖·‖F and diag(·) represent Frobenius norm
and diagonalization, respectively.
II. SYSTEM MODEL
We consider a single-user mmWave hybrid MIMO system
adopting OFDM to combat the time dispersive effect over
wideband channels. As shown in Fig.1, an RIS is deployed
between the BS and UE. The LoS path between the BS and UE
is blocked by some buildings. Therefore, the UE will receive
signals from the BS via RIS. We assume that the BS and UE
are both equipped with the UPAs. The BS is equipped with
Nt antennas but Mt ≪ Nt radio frequency (RF) chains, and
the UE employs Nr antennas but Mr ≪ Nr RF chains to
support Ns ≤ Mr data streams. Physically, each RF chain is
connected to Nt (Nr) antennas throughNt (Nr) phase shifters
at the BS (UE). The RIS is assumed to be comprised of Nu
passive reflecting elements, and each of which can induce a
phase shift to the incident signal independently with the help
of an RIS controller.
The mmWave MIMO channel is assumed to be a sum of
the contributions of one LoS path and Nc NLoS scattering
clusters. Each scattering cluster containsNp propagation paths
with a corresponding relative time delay. Therefore, the d-th
delay tap of the delay domain MIMO channel matrix H˜i[d]
can be written as
H˜i [d] = β
i
0(d)a
i
r (θ
r
0, φ
r
0) a
i
t(θ
t
0, φ
t
0)
H
+
Nc∑
c=1
Np∑
p=1
βic,p(d)a
i
r
(
θrc,p, φ
r
c,p
)
ait
(
θtc,p, φ
t
c,p
)H
,
(1)
where subscript i = {1, 2} corresponds to the BS-RIS channel
or RIS-UE channel, respectively. In other words, H˜1[d] and
H˜2[d] are two different samples generated from the same
model in (1) independently. βi0(d) =
√
NT /NR
L α
i
0p (dTs)
represents the channel coefficient of LoS component and
βic,p(d) =
√
NTNR
L α
i
c,pp
(
dTs − τ ic,p
)
is the delay-domain
channel coefficient of the p-th path in the c-th scattering
cluster. L = NcNp + 1 stands for number of the total
rays in this channel model. NT and NR are the numbers
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Fig. 1. A diagram of mmWave MIMO system with the assistance of RIS for
a blocked UE.
of transmit antennas and receive antennas, respectively, and
that gives us H˜1[d] ∈ CNu×Nt and H˜2[d] ∈ CNr×Nu in the
downlink transmission. Additionally, αi0 ∼ CN (0, 1), α
i
c,p ∼
CN (0, 10−µ) are the complex gains, where µ is the power
distribution ratio of LoS to NLoS multipath components. p(τ)
is the pulse shaping filter for Ts spaced signaling and τ
i
c,p
is the relative time delay. θrc,p
(
φrc,p
)
and θtc,p
(
φtc,p
)
are the
azimuth (elevation) AoAs and AoDs of the p-th path in the
c-th scattering cluster, respectively. The angles in each cluster
follow the uniform distribution and have the constant angle
spreads (standard deviation), which can be denoted by σtφ, σ
t
θ ,
σrφ, and σ
r
θ , respectively. a
i
r
(
θrc,p, φ
r
c,p
)
and ait
(
θtc,p, φ
t
c,p
)
are
the normalized receive and transmit array response vectors. In
the case of a UPA in the yz-plane with Ny and Nz elements
on the y and z axes, respectively, the array response vector
can be written as
aUPA(θ, φ)=
1√
NyNz
[
1, · · ·, ej
2pi
λ
d(n sin(θ)cos(φ)+m sin(φ)),
· · · , ej
2pi
λ
d((Ny−1) sin(θ) cos(φ)+(Nz−1) sin(φ))
]T
, (2)
where 1 ≤ n < Ny and 1 ≤ m < Nz are the y and z indices of
an antenna element, respectively. Besides, λ and d = λ2 denote
the wavelength and adjacent antenna spacing, respectively.
In the frequency domain, the channel response at the k-th
subcarrier can be further written as
Hi [k] =
Dl−1∑
d=0
H˜i [d] e
−j 2pik
K
d, (3)
where Dl is the length of the cyclic prefix (CP).
During the transmission phase, data symbols at the trans-
mitter x [k] ∈ CNs×1 of k-th subcarrier, k = {1, · · · ,K}, are
first beamformed through the baseband beamformer FBB[k] ∈
CMt×Ns , and then the symbol blocks are transformed to the
time domain by K-point inverse fast Fourier transform (IFFT)
for each RF chain. After adding a CP, analog beamformer
FRF ∈ C
Nt×Mt is applied to form the transmit signal. Then
the signal travels through the mmWave multipath channel
H1 [k] to reach the RIS. Each element at the RIS can in-
duce an adjustable phase φu, u = {1, · · · , Nu} to the signals
received independently. Here, we assume that the RIS can
only adjust the phase for the incident signals. Accordingly,
the effect of RIS can be modeled as a diagonal matrix
Φ = diag
([
ejφ1 · · · ejφNu
])
. At the receiver, analog combiner
WRF ∈ CNr×Mr is first used to receive the signal reflected
by RIS, when the CP is further removed followed by K-point
FFT, then the frequency domain signal at k-th subcarrier can
be combined using baseband combiner WBB[k]. Therefore,
in the downlink transmission, the received signal at the UE
associated with the k-th subcarrier can be expressed as
y [k]=WHBB[k]W
H
RF(H2[k]ΦH1[k]FRFFBB[k]x[k]+n [k]),
(4)
where n[k] ∈ CNr×1 is the additive white Gaussian noise
(AWGN) vector at the UE.
III. PROPOSED SCHEME
In this section, we first put forward the design scheme
for digital baseband beamformer and combiner at the UE/BS
simultaneously, then we propose an oversampling 2D-DFT
codebook based analog beamformer/combiner design, where
the SOMP algorithm is utilized to search for multiple optimal
analog beams from the codebook. Finally, the idea of reflecting
coefficient matrix design at the RIS is presented. For the first
two parts, the perfect CSI is assumed to be known at both the
UE and BS. To be specific, the effect of the first stage channel
H1 [k], phase shift matrix Φ, and the second stage channel
H2 [k] are equivalently denoted by Heff [k] = H2 [k]ΦH1 [k],
with Heff [k] ∈ CNr×Nt . As for the RIS, acquiring accurate
NLoS information of channels is not easy. Besides, for the
mmWave frequency band in the future mobile communication,
BSs and RISs are expected to be deployed densely. Therefore,
the signal at the receiver is probably to contain a strong LoS
path for both BS-RIS link and RIS-UE link. Thus, we will
only use AoA and AoD of LoS component to design the RIS
reflecting matrix.
A. GMD-Based Baseband Beamformer/Combiner Design
For fully-digital MIMO systems, the SVD-based channel
beamforming with waterfilling algorithm has been proved to
be the optimal scheme to achieve the maximum SE. However,
when it comes to BER performance, it should be awared that
waterfilling will further aggravate the gain difference among
multiple parallel spatial domain subchannels. If the same mod-
ulation and coding schemes are adopted on different spatial-
domain subchannels, BER performance is mainly determined
by the subchannel with the lowest SNR. Hence, to reach a
relatively low BER, subtle modulation and coding scheme
need to be done in different subchannels, which will increase
the design burden of both the transmitter and receiver.
For hybrid MIMO over frequency-selective-fading channels,
although digital baseband beamformer and combiner on dif-
ferent subcarriers can be designed independently, the analog
beamformer and combiner still need to be formulated jointly.
It has been shown in [13] that, for narrowband situation, by
applying the GMD to the equivalent baseband channel, coop-
erating with the successive interference cancellation (SIC), we
can achieve a better BER performance than the conventional
SVD with waterfilling, in the case that no complicated adaptive
4modulation and coding schemes are designed for both of them.
Inspired by this idea, we expand the GMD-based beamforming
scheme to the wideband case with the help of RIS, so that both
the good BER and high SE can be achieved.
The implementation of GMD is based on SVD, and we
use Hˆ[k] to indicate the equivalent baseband channel at the
k-th subcarrier, where Hˆ [k] = WHRFHeff [k]FRF. Since the
baseband beamformings can be designed independently for
different subcarriers, we omit the subcarrier index k of Hˆ [k],
and then an SVD on channel matrix Hˆ can be denoted by
Hˆ = UΣVH =
[
U1 U2
][ Σ1 0
0 Σ2
][
V1
H
V2
H
]
. (5)
Moreover, when we iteratively adjust the diagonal element in
Σ through permutations and Givens transformations [17], this
process can be realized through unitary matrices SL and SR,
expressed by
Q1 = V1SR, (6a)
G1 = U1SL, (6b)
R1 = S
T
LΣ1SR. (6c)
Accordingly, we can decompose the channel matrix in the
GMD form, then the equivalent baseband channel at each
subcarrier can be decomposed as
Hˆ = GRQH =
[
G1 G2
][ R1 R3
0 R2
][
Q1
H
Q2
H
]
, (7)
where G1 ∈ CMr×Ns and Q1 ∈ CMt×Ns are semi-unitary
matrices containing the left Ns columns of G ∈ CMr×Mr
and Q ∈ CMt×Mt , respectively. R1 ∈ CNs×Ns is an upper
triangular matrix whose diagonal elements are identical and
equal to the geometric mean of the largest Ns singular values
of R, i.e. ri,i = r¯ = (σ1σ2 · · ·σNs)
1
Ns holds for all the
diagonal elements ri,i in R1, where 1 ≤ i ≤ Ns. R2 and
R3 are irrelevant matrices and they are not utilized for data
transmission. Employing FBB[k] = Q1[k] as the baseband
beamformer and WHBB[k]=G
H
1 [k] as the baseband combiner
for each subcarrier, then (4) can be rewritten as
y[k] = GH1 [k](Hˆ[k]Q1[k]x[k] +W
H
RFn[k])
= R1[k]x[k] +G
H
1 [k]W
H
RFn[k].
(8)
Since the equivalent channel after baseband beamforming
is not a diagonal matrix, SIC is necessary at the receiver to
cancel the interference among different data streams. Till now,
the digital part design of hybrid MIMO structure has been
finished and bit allocation can be effectively avoided.
B. Oversampling Codebook Based SOMP Analog Beamform-
ing
Since the digital baseband design has been completed in
Section III-A, in this subsection, we mainly focus on the de-
sign of analog beamformer/combiner. An OMP based spatially
sparse beamforming was proposed for the narrowband MIMO
system in [14], hence, we consider a extended version of OMP
in wideband situation, namely, SOMP. In conventional OMP-
based hybrid beamforming design, the main target is to choose
Ns optimal beams from L steering vectors associated with L
multipath components. In other words, the top Ns subchannels
with the largest singular values are chosen, then the baseband
beamforming can be designed through a least squares way to
approach the performance of fully-digital structure. However,
the sensing matrix in this spatially sparse beamforming scheme
requires the steering vectors of both NLoS and LoS paths,
which are not easy to acquire as mentioned before. Thus,
we put forward a mixed SOMP and GMD based hybrid
beamforming scheme, in which an oversampling codebook
is used. Note that we mainly focus on the design of analog
beamformer at the transmitter, and the analog combiner at the
receiver can be acquired in a similar way.
1) Problem Formulation: As it is proved
in Lemma 1 of [13], a sensing matrix
At = [at (θ
t
1, φ
t
1), at (θ
t
2, φ
t
2), · · · , at (θ
t
L, φ
t
L)] whose
columns are composed of all the steering vectors at the
BS side, is able to span the column of the unconstrained
fully digital beamformer matrix at each subcarrier, denoted
by Fopt [k] , k = {1, 2, · · · ,K} and Fopt[k] is the first Ns
columns of the right singular matrix of Heff [k]. Since the At
has satisfied the constant modulus constraint, we only need
to choose Mt optimal beams from At to form the analog
beamformer FRF. Therefore, we can use a selection matrix
T ∈ CL×Mt to form this procedure, i.e., FRF = AtT. By
exploiting the common angular-domain sparsity of mmWave
massive MIMO channels over different subcarriers [27], the
analog beamforming problem can be formulated as follows
T = argmin
T
K∑
k=1
‖Fopt [k]−AtTFBB [k]‖F ,
s.t. ‖ diag
(
TTH
)
‖
0
=Mt, (9)
where At naturally satisfies the constant modulus constraint,
since it is formed by all the steering vectors at the BS side.
However, it is actually impossible acquire such At in practice.
Therefore, we use a codebook scheme instead. Besides, Mt
andMr are usually assumed to be smaller than L, so T will be
a sparse matrix and sparse recovery algorithm such as SOMP
can be used.
2) Oversampling Codebook Design: Due to the limited
resolution of conventional DFT codebook, an oversampling
codebook is considered for more refined spatial resolution
[16]. For the UPA, we use the ρ to represent the oversampling
factor, then the distinguishable angles divide the space into
ρNy discrete elevation angles in the vertical direction and ρNz
discrete azimuth angles in the horizonal direction. A notation
description to this process can be expressed as follows.
We use Ry and Rz to represent the phases set that lie on
the grid, which is given by Ry = {0,
2pi
ρNy
, · · · , 2pi(ρNy−1)ρNy }
andRz = {0,
2pi
ρNz
, · · · , 2pi(ρNz−1)ρNz }, then all the combinations
from Ry and Rz form the candidates set of an oversampling
codebook D, i.e.,
D = {aUPA (θ, φ) |θ ∈ Ry , φ ∈ Rz , ∀θ, φ}. (10)
In this way, both the BS and UE can generate a codebook
according to their respective oversampling factors. We assume
5Algorithm 1 Proposed Analog Beamforming Design
Input:
Optimal beamformer Fopt [k], 1 < k < K , the number of
RF chains Mt, and the oversampling factor ρ.
Output:
Analog Beamformer FRF.
1: Generate codebook Dt according to (10);
2: Initialize the residual matrix Fres[k] = Fopt[k], ∀k, the
index set At = ∅ and analog beamformer FRF = ∅;
3: for i iter = 1 : Mt
4: Ψ[k] = DHt Fres[k]F
H
res[k]Dt, ∀k;
5: i = argmax
l=1,··· ,L
(
K∑
k=1
Ψ[k]
)
l,l
;
6: At = At ∪ i, and FRF = {FRF,Dt(:, i)};
7: Y[k] = FRF
†Fopt[k], ∀k;
8: Fres[k] =
Fopt[k]−FRFY[k]
‖Fopt[k]−FRFY[k]‖F
, ∀k;
9: end for;
that the oversampling factors are identical for both BS and UE
in this article. Subsequently, we may use Dt to substitute At
in (9) and adjust the size of selection matrix T accordingly.
The codebook Dr at the receiver can be acquired in the same
way. With the increasement of the oversampling factor ρ,
the codebook has more candidates with more refined spatial
resolution, so the quantization error between the true angles
and their nearest candidates can be reduced. In this way, the
matching bases with smaller quantization error to true angles
can be searched. According to the angular-domain common
sparsity of different subcarriers [27], when we fix FBB [k],
we can treat the oversampling codebook as the basis and find
multiple optimal beams to match the Fopt [k], and Fopt[k] is
the first Ns columns of the right singular matrix ofHeff [k]. To
sum up, the design of analog beamformer can be summarized
inAlgorithm1 and the analog combinerWRF at the receiver
can be acquired in the same way.
C. Reflection Matrix Design for RIS
RIS is composed of a large number of passive reflecting
elements. This leads to the prohibitive channel training over-
head, and it is impractical to estimate the full-dimensional
channels. In some cases, a quantized codebook based reflecting
matrix can be designed without explicit channel estimation.
However, the size of codebook still becomes very large owing
to the large number of passive elements at the RIS. In
order to simplify the model and avoid the dilemma that we
need to know the complete CSI when we design the passive
beamforming for RIS, we only utilize the AoA of LoS BS-
RIS link and AoD of LoS RIS-UE link seen from the RIS to
design the reflecting coefficient matrix Φ. Here the associated
AoD and AoA estimation can be obtained by state-of-the-art
solutions [28]–[31].
Let us assume that the AoA from the LoS BS-RIS link and
AoD from the LoS RIS-UE link can be both well estimated.
When we neglect the NLoS components and assume the AoAs
and AoDs keep unchanged during the data transmission phase,
then the LoS component of equivalent channel between the BS
and UE link via RIS , denoted by HLoseff [k], can be expressed
as
HLoseff [k] = ζ2[k]ζ1[k]a
2
r(θ
r
0, φ
r
0)γa
1
t (θ
t
0, φ
t
0)
H
, (11)
where
γ = a2t (θ
t
0, φ
t
0)
H
Φa1r(θ
r
0 , φ
r
0), (12)
ζ1[k] =
Dl−1∑
d=0
β10 [d]e
−j 2pik
K
d, (13)
ζ2[k] =
Dl−1∑
d=0
β20 [d]e
−j 2pik
K
d. (14)
For convenience, we omit the angles φ and θ in steering
vectors ait(θ
t
0, φ
t
0)
H
and air(θ
r
0, φ
r
0) in the following expres-
sion. Here the superscripts “1” and “2” for variables air and
ait correspond to the steering vector in BS-RIS link H1[k]
and the RIS-UE link H2[k], respectively. The subscript “0”
means these parameters correspond to the LoS path component
and the γ here can be equivalently seen as the array gain
for the LoS component. Since the subchannels share the
common angular-domain sparsity, the γ can be the same for all
subcarriers. Therefore, our optimization goal is to maximize
the modulus of γ with the constraint that the modulus of
diagonal elements of Φ are limited to one, which can be
formulated as
Φ = argmax
Φ
|γ|,
s.t. |(Φ)j,j | = 1, ∀j.
(15)
Since γ is a scalar, and the steering vectors are normalized,
thus, the γ can be written as
γ =
Nu∑
j=1
(a2t )j
∗
(Φ)j,j(a
1
r)j . (16)
Here each term of the product in (16) is a scalar, whose abso-
lute value is a constant. Therefore, it is quite easy to get the
solution to (15), which is given by (Φ)j,j = (a
2
t )j(a
1
r)
∗
j , ∀j.
for all subcarriers.
IV. SIMULATION RESULTS
In this section, we will compare the BER and SE per-
formance of our proposed scheme with existing schemes in
aspects of baseband beamforming, analog beamforming, and
RIS reflection matrix design.
In simulations, the BS is equipped with a Nt = 8× 8 UPA,
the UE is equipped with a Nr = 4× 4 UPA, and the RIS
is an Nu = 16 × 16 passive array. The carrier frequency
is set to 28 GHz, and the antenna spacing is the half of
carrier frequency wavelength. The number of subcarriers is
K = 64 and the CP length is Dl = 64. For the wideband
mmWave channels, the parameters for two stage channels are
both set as follows: in addition to one LoS path, the number
of NLoS clusters is assumed to be Nc = 7 and each cluster
has Np = 10 propagation paths, azimuth/elevation AoAs
and AoDs follow the uniform distribution U [−pi/2, pi/2], the
angle spreads are σtφ = σ
t
θ = σ
r
φ = σ
r
θ = 7.5
◦. The paths
delay is uniformly distributed in U [0, DlTs]. In mmWave
system, channel power of LoS path is much higher than NLoS
6paths, therefore, similar to that in [27], the power distribution
ratio µ is set to 2.3 in the simulations, which means the
power of LoS component is 23 dB higher than that of NLoS
components. Besides, we consider the 16-QAM modulation
in all simulations, the number of data streams, RF chains at
the transmitter and receiver are all set to the same value, i.e.,
Ns = Mt = Mr = 3.
Fig. 2 compares two different baseband beamforming
schemes for the scenario as shown in Fig. 1. SVD baseband
beamforming in Section III-A is compared as benchmark.
For fully-digital MIMO structure, the analog beamforming is
unnecessary. For hybrid beamforming at both the BS and UE,
both “ideal SOMP based analog beamforming” is adopted
for both GMD and SVD baseband beamforming schemes.
Here, “ideal SOMP based analog beamforming” means the
sensing matrix At is composed of all the real steering vectors,
which can be hard to perfectly acquire in practice. Besides,
the reflection coefficient matrix of RIS is designed in Section
III-C.
It can be seen from Fig. 2 that the GMD baseband scheme
outperforms the SVD scheme in both hybrid and fully-digital
MIMO structure, because GMD-based beamforming can alle-
viate the SNR variation among different spatial-domain sub-
channels, then the overall BER performance deterioration due
to some low SNR channels can be avoided, compared with
SVD-based schemes without carefully designed bit allocation.
Besides, the gap between the fully-digital structure MIMO
and hybrid structure MIMO is smaller for GMD-based scheme.
Fig. 3 compares the BER performance achieved by differ-
ent analog beamforming schemes for the scenario in Fig.1.
Without specially indicated, we will only consider GMD-based
baseband beamformer and combiner in the following figures
due to its advantage over SVD. In Fig. 3, three different
schemes using the same GMD baseband beamforming in
Section III-A are compared as benchmarks. They are: 1)
Fully digital: fully-digital MIMO structure without analog
beamforming; 2) Ideal SOMP: hybrid MIMO structure with
ideal SOMP based analog beamforming using all steering
vectors as a prior information; 3) PCA: hybrid MIMO struc-
ture with principal component analysis (PCA)-based analog
beamformer in [19]. Our proposed codebook-based analog
beamforming scheme in Section III-B is distinguished by
different oversampling factors ρ, which is marked as “ρ = r
SOMP”, r = {1, 2, 3} in the figure. All the schemes above
adopt the proposed RIS reflection matirx in Section III-C.
We can observe from Fig. 3 that, when the oversampling
factor ρ is greater than 2, the proposed oversampling codebook
based SOMP analog beamforming scheme outperforms the
PCA scheme. Meanwhile, when the codebook with a larger ρ
is adopted, its BER performance approaches the Ideal SOMP
scheme. When the ρ is greater than 3, the proposed scheme
performs nearly as well as the Ideal SOMP scheme.
Different from Fig. 1 scenario, Fig. 4 also discusses a NLoS
scenario, which shows the performance improvement brought
by the RIS. We compare the scenario in Fig.1 with the NLoS
scenario that a direct multipath channel link is established
between the BS and UE without the help of RIS. However,
the LoS path is blocked by the buildings in the later scenario.
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Fig. 2. BER performance of two different baseband beamforming schemes
for both hybrid MIMO and fully-digital MIMO structures with the assistance
of RIS. In hybrid MIMO structure, both of the two schemes share the
same SOMP-based analog beamforming using all steering vectors as a prior
information.
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Fig. 3. BER performance of different analog beamforming schemes in
wideband MIMO system with the assistance of RIS, where the same GMD-
based baseband beamforming is applied to all the schemes above.
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Fig. 4. BER performance comparison between Fig. 1 scenario using RIS
( µ = 2.3 ) and NLoS scenario without using RIS, and the same GMD
baseband beamforming is applied to all the schemes above.
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Fig. 5. SE of different analog beamforming schemes in Fig. 1 scenario (
µ = 2.3 ) and NLoS scenario, which respectively correspond to the occasion
with and without the assistance of RIS. The same GMD beamforming is
applied in the baseband.
-30 -20 -10 0 10 20 30
NCPE
0
5
10
15
20
25
30
Sp
ec
tru
m
 E
ffi
cie
nc
y 
(bp
s/H
z) 
    
    
   
PCA with RIS
Ideal SOMP with RIS
Ideal SOMP without RIS
Ideal SOMP random RIS
Ideal SOMP full reflection RIS
=1 SOMP with RIS
=1 SOMP without RIS
=3 SOMP with RIS
=3 SOMP without RIS
Fig. 6. SE performance with perturbation, where the SNR = 20 dB and the
same GMD baseband beamforming is applied.
GMD baseband beamforming is applied to all the schemes,
too. The results show that by designing of RIS reflecting
matrix, we can achieve the better BER performance than the
NLoS environment without the assistance of RIS.
Fig. 5 illustrates the SE performance of the proposed
schemes against different SNRs. Similar to Fig. 4, Fig. 1
scenario and NLoS scenario are both compared under different
analog beamforming schemes, and the same GMD baseband
beamformer/combiner is applied to all the schemes. As is
shown in Fig. 5, the proposed scheme “ρ = 2 SOMP with
RIS” and “ρ = 3 SOMP with RIS” outperforms “PCA with
RIS” at high SNR. In addition, the proposed scheme can
perform nearly as well as the ideal SOMP scheme when
ρ is greater than 3. Besides, Fig. 5 also shows that the
assistance of RIS can improve the SE at the same time. This is
because when the RIS is utilized, the LoS component can be
effectively exploited, a virtual LoS link between the BS and
UE via RIS can be established for improved channel quality
and transmission performance. However, when the RIS is not
considered, only NLoS components can be exploited between
the BS and UE, and the channel quality is poor with degraded
BER performance.
Fig. 6 compares the robustness of different schemes with
imperfect CSI. We consider different analog beamforming
schemes in Fig. 1 scenario and NLoS scenario with same
GMD baseband beamforming in this figure. The normalized
channel perturbation error (NCPE) is used to model the
channel perturbation, which includes channel estimation error,
the CSI quantization in channel feedback, and/or outdated CSI.
The NCPE is defined as
NCPE =
K∑
k=1
‖Hi[k]−Hei [k]‖
2
F
K∑
k=1
‖Hi[k]‖2F
, i = 1, 2, (17)
where i = 1 and i = 2 stand for the BS-RIS link channel and
RIS-UE link channel, respectively. Hei [k] = Hi[k] +Ni[k],
Ni[k] is the perturbation noise vector, and each element of
Ni[k] follows the complex Gaussian distribution CN
(
0, σ2e
)
.
As it is shown in Fig. 6, the proposed scheme shows some
robustness to SE variation with the increasement of the per-
turbation error. When we set the SNR to 20 dB, the SE of
“ρ = 3 SOMP with RIS” stays at a high stable value when
the NCPE is less than 0 dB, which shows the robustness
to the channel perturbation error. In addition, in Fig. 6, we
also evaluate the SE performance of different RIS design
schemes. Specifically, the legend “Ideal SOMP full reflection
RIS” means we apply the fully reflection matrix to the incident
signal, i.e., Φ = INu . “Ideal SOMP random RIS” represents
that we give each diagonal element of Φ a random phase
following uniform distribution U [0, 2pi]. Simulation results
enlighten us that with more delicate reflecting matrix design,
we can achieve a better SE performance.
V. CONCLUSIONS
This paper has proposed a hybrid beamforming scheme for
wideband mmWave MIMO systems with the assistance of RIS.
To be specific, for the baseband part, by utilizing GMD, we
propose a baseband beamforming design for each subcarrier,
where we can get a better BER performance without com-
plicated bit allocation as that in the traditional SVD-based
schemes. For the analog part, by using the SOMP analog
beamforming based on an oversampling 2D-DFT codebook,
we acquire the analog beamforming design at both the BS
and UE, which solves the difficulties of wideband MIMO
beamforming and the prerequisites to obtain all the steering
vectors in the traditional sparse beamforming schemes. Fur-
thermore, we give an RIS reflecting matrix design scheme
according to the AoA and AoD associated with the LoS BS-
RIS channel and RIS-UE channel, which can harvest the large
array gain for improved BER and SE performance. Finally,
simulation results show that the proposed scheme can achieve
a good performance in wideband hybrid MIMO system with
the assistance of RIS.
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